Abstract. Head-out water immersion at thermoneutral temperature (34-35 C) increases cardiac output for a given O2 consumption, leading to a relative hyperperfusion of peripheral tissues. To determine if subjects immersed in water at a colder temperature show similar responses and to explore the significance of the hyperperfusion, cardiovascular functions were investigated (impedance cardiography) on 10 men at rest and while performing exercise on a leg cycle ergometer (DM = ~95 W·m -2 ) in air and in water at 34.5 C and 30 C, respectively. In subjects resting in water, the cardiac output increased by ~50% compared to that in air, mainly due to a rise in stroke volume. The stroke volume change tended to be greater in 30 C water than in 34.5 C water, and this was due to a greater increase in cardiac preload, as indicated by a significantly greater left ventricular end-diastolic volume. Arterial systolic pressure rose slightly during water immersion. Arterial diastolic pressure remained unchanged in 34.5 C water, but it rose in 30 C water. The total peripheral resistance fell 37% in 34.5 C water and 32% in 30 C water. Both in air and in water, mild exercise increased the cardiac output, and this was mainly due to an increase in heart rate. Since, however, the stroke volume increased with water immersion, cardiac output at a given work load appeared to be significantly higher in water than in air. The arterial pressures did not decrease with water immersion, despite a marked reduction in total peripheral resistance. These results suggest that 1) during cold water immersion, peripheral vasoconstriction provides an additional increase in cardiac preload, leading to a further increase in the stroke volume compared to that of the thermoneutral water immersion, 2) the mechanism of cardiovascular adjustment during dynamic exercise is not changed by the persistent increase in cardiac preload in water immersion, and 3) a relatively high cardiac output during water immersion is to maintain a proper arterial pressure in the face of reduced vascular resistance.
Introduction
During head-out water immersion, intrathoracic blood volume increases due to central translocation of circulating blood. The blood translocation occurs due to the following reasons: 1) hydrostatic compression reduces the venous capacitance in the lower extremities, 2) an ambient density resembling human tissues renders them weightless, eliminating gravity dependency of the lower body, and 3) a negative intrathoracic pressure associated with negative pressure breathing promotes cephalad shift of circulating blood (Lin, 1984) . The distention of circulatory organs in the thoracic chamber activates cardiac mechanoreceptors which bring about reflex adjustments of renal water and electrolyte excretions (Epstein, 1978) , encroaches on the pulmonary air space, altering respiratory mechanics (Agostoni et al., 1966; Fahri and Linnarsson, 1977) , and enhances ventricular diastolic filling, increasing the cardiac preload (Sheldahl et al., 1984) . Thus, the functional expressions of water immersion are diuresis, restrictive ventilation, and sustained increase in stroke output of the heart (Lin, 1984) .
Numerous studies have documented cardiovascular changes during immersion in thermoneutral water (34-35 C) .
However, few studies have explored the cardiovascular functions in colder water. During immersion in thermoneutral water, the stroke volume increases with no substantial changes in the heart rate, and consequently the cardiac output increases persistently (Lin, 1984) . These changes occur with no apparent change in oxygen consumption, indicating that the peripheral tissues are in the state of relative hyperperfusion. During dynamic exercise cardiac output at a given work load is much higher in water than in air (Sheldahl et al., 1984) , again suggesting that the peripheral tissues are relatively hyperperfused.
The significance of this apparent hyperperfusion remains unidentified. Thus, the present study was conducted to systematically evaluate the effects of cold water immersion on cardiovascular functions at rest and during exercise and to explore the significance of the high cardiac output associated with water immersion. The results indicate that the increase in cardiac preload with water immersion is greater in cold water than in thermoneutral water and that the effect persists during dynamic exercise. The results also suggest that a high cardiac output during water immersion is to maintain a proper arterial perfusion pressure in the face of reduced peripheral vascular resistance.
Methods

Subjects
Ten healthy males without a history of cardiovascular disease were recruited as subjects. Their physical characteristics are: age 22.6 -0.4 years, height 172.7 -1.7 cm, weight 68.6 -2.1 kg, body surface area (BSA) 1.82 -0.04 m 2 , and the mean subcutaneous fat thickness (SFT) 5.5 -0.7 mm. The BSA was estimated by the DuBois's formula (DuBois and DuBois, 1916) . The SFT was calculated from the skinfold thickness at 10 sites by the method of Allen et al. (1956) . Skin fold thickness was measured by the Lange skinfold caliper (Cambridge Scientific Instruments, Cambridge, MD). Permission for the study was obtained from each subject after a detailed explanation of the procedure and potential complications. No complications occurred during the whole series of experiments.
Measurements
Cardiac functions were assessed noninvasively by impedance cardiography which has proved to be a valid method for evaluation of cardiac functions at rest and during exercise in air (Castor et al., 1994; Huang et al., 1990; Miles and Gotshall, 1989) and in water (Shiraki et al., 1986) . The subject wearing swimming trunks was outfitted with a thermocouple to measure the esophageal temperature and a pressure cuff on the left arm to measure the arterial blood pressure. The esophageal probe was swallowed to the level of the heart. The subject was instrumented for impedance cardiography (Fig. 1) . The skin was cleaned with alcohol and eight Ag/AgCl spot surface electrodes (Quik-Trace stress testing electrode, Quinton Instrument Co., Washington) were placed on the right and left sides of the neck and thorax in the midaxillary line. The electrodes were covered with surgical tape (Fixomull stretch, No. 2037, Beiersdorf AG, Hamburg, Germany) to prevent detachment from the skin. Vaseline and several sheets of surgical tape were applied on the spot electrodes to prevent wetting during immersion. Of the two twin inner electrodes, one pair (electrode number 2 in Fig. 1 ) was placed around the base of the neck and the other (electrode number 3) at the level of the xiphosternal point. Two twin outer electrodes (electrode numbers 1 and 4) were placed on the positions 5 cm apart (outwardly) from the inner electrodes. Current was injected through the outer electrodes and impedance changes were detected through the voltage sensing inner electrodes. The electrode leads were connected to the impedance cardiograph (NCCOM3-R7, BoMed Medical Manufacturing Co., Irvine, CA) with a "slow mode" setting. The NCCOM3-R7 impedance cardiograph provides a continuous display of artifact status. A burst of artifact symbols are displayed with an improper electrode contact, excessive body movement, irregular cardiac rhythm, abnormal ventilatory pattern, and tachycardia>150 beats/min (Introna et al., 1988) . Thus, to minimize artifact, we asked the subject to avoid excessive trunk movement and breathing activity, and the work load was adjusted to increase the heart rate to no more than 130 beats/min. In the experiments in air, skin thermocouples were attached to the surface of the chest, abdomen, subscapula, posterior upper-arm, anterior forearm, hand, anterior thigh, posterior calf, foot and forehead, and secured with surgical tape.
After instrumentation, the subject sat quietly in air for 30 min and was immersed up to the neck in a circulating water tank. The water temperature was adjusted to 34.5 C (thermoneutral temperature) or 30 C. The latter was the average critical water temperature (T cw) of the subjects estimated by the Tcw-SFT relationship (Tcw = 32 0.46 SFT, Park et al., 1983) . Tcw was selected to induce maximum degree of peripheral vasoconstriction. The subject rested on a bicycle ergometer immersed in water for 30 min and then performed a leg exercise at a pedaling frequency of 60 rpm for 30 min. In the experiments in air, the subject rested for 30 min on a bicycle ergometer in air at 26 -1 C and exercised for 30 min at an intensity similar to that in water (DM = ~80 kcal·m -2 ·h -1 or ~95 W·m -2 ). During experiment, the stroke volume, heart rate, arterial blood pressures, esophageal and skin temperatures and metabolic rate were measured at appropriate intervals. Subjects were asked to avoid strenuous physical activity and alcohol drinking and to maintain a regular diet from the preceding day of the experiment. Experiments were conducted at the same time of the day for each subject to minimize any effect of the circadian rhythm.
The stroke volume (SV, ml) was calculated on a beatby-beat basis from the impedance cardiogram using the Sramek-Bernstein equation (Bernstein, 1986) ; d is the body habitus correction factor in the estimation of the electrical field size which is defined as the product of the ratio of actual to ideal body weight and the relative blood volume index; Ht is the subject's height in cm; Zo is the basal thoracic impedance in ohms; (dZ/ dt)max is the maximum rate of change in thoracic impedance in ohm/sec; VEP is the ventricular ejection period in sec. The heart rate (HR) was analyzed by R-R interval on the electrocardiogram. The cardiac output (CO) was calculated by multiplying the SV by the HR. The input signals to the NCCOM3-R7 impedance cardiograph were analyzed by the built-in algorithm in the instrument and the average SV, HR and CO for every 16 beats accepted by impedance cardiograph were stored in a computer at 2-min intervals.
The left ventricular end-diastolic volume (LVEDV, ml) was calculated from the ejection fraction (EF, %) and stroke volume (SV, ml): LVEDV = SV/EF·100. The ejection fraction was estimated from the systolic time interval ratio (PEP/VEP) as suggested by Capan et al. (1987) : EF = 0.84 0.64 · PEP/VEP, where PEP is the pre-ejection period corresponding to the isovolumetric contraction period and VEP is the ventricular ejection period as shown in Fig. 1 . The PEP was measured as the interval between the beginning of Q wave on the ECG (onset of ventricular systole) and the discrete point B on the dZ/dt wave. The VEP is the time interval between point B and point X on the dZ/dt wave. Point B and point X have been confirmed to coincide with the opening and closing of the aortic valve in phonocardiographical and echocardiographical studies (Lababidi et al., 1970; Miles and Gotshall, 1989) .
The arterial systolic (SP) and diastolic (DP) pressures were measured with automatic oscillometric equipment (Omron HEM-705CP, Tokyo, Japan) on the left arm at the level of the heart at 10-min intervals. The mean arterial pressure (MAP) was calculated as: MAP = DP + (SP DP)/ 3. Special precautions were taken to ensure that the position of the pressure cuff relative to the heart was not changed during the experiment. The total peripheral resistance (mmHg·min·l -1 ) was calculated by dividing the difference (mmHg) between MAP and central venous pressure (CVP) by the CO (l·min -1 ): TPR = (MAP-CVP)/ CO. The CVP was assumed to be 0.4 mmHg for subjects resting in air, 3.9 mmHg for subjects exercising in air, and 11.1 mmHg for subjects resting or exercising in water immersion (Christie et al., 1990) . The esophageal, skin and water temperatures were recorded every 2 minutes on a Data Logger (John Fluke model 2280B, Everett, WA). The mean skin temperature was calculated by multiplying the skin temperature at the forehead, trunk (mean of the chest, abdomen and subscapula), arm, hand, thigh, calf and foot by the corresponding weighting factor (0.07, 0.35, 0.14, 0.05, 0.19, 0.13 and 0.07). All copper-constantan thermocouples were calibrated in thermostatic water bath against a highprecision mercury thermometer (0.1 C subdivision, VWR Scientific Co., Cat. No. 61054-502).
The metabolic rate (M) was calculated from the oxygen consumption (VO2) using the caloric equivalent of O2 estimated by the method of Wier (1949) . The VO2 was measured at 10-min intervals by an open-circuit spirometry. Expired gas was collected into a Collins gasometer (W.E. Collins, capacity 120 liters, Baltimore, MD), and the O2 and CO2 concentrations were analyzed with an expired gas monitor (NEC San-ei, model 1H26, Tokyo, Japan).
Statistics
All values were expressed as the mean -SE. Data were collected at the last 15 min of each experimental period when the measurements were stable. Analysis of variance with repeated measures was performed to compare the values at rest in air and in water at 34.5 C and 30 C, respectively. The least significant difference test was utilized for pairwise comparisons of means when the analysis of variance F test was significant. The Student's t-test for paired comparisons was done to evaluate the effect of exercise in air and in water. The difference with p<0.05 was considered to be statistically significant. Table 1 summarizes effect of head-out water immersion on various cardiovascular functions at rest. Immersion in water at 30 C or 34.5 C produced ~50% increase in cardiac output compared to that in air (6.8 and 7.2 l·min -1 in 30 C and 34.5 C water, respectively vs. 4.7 l·min -1 in air, p<0.05) and this was achieved by an increase in the stroke volume, not the heart rate. The relative increase in the stroke volume was slightly greater in 30 C water (69% increase, 108 ml vs. 64 in air, p<0.05) than in 34.5 C water (55% increase, 99 ml vs. 64 in air, p<0.05). The heart rate remained unchanged in 34.5 C water (73 beats·min -1 vs. 74 in air), but it fell slightly (15%) in 30 C water (63 vs. 74 in air, p<0.05). Consequently, the change in cardiac output was approximately similar in both temperatures of water (7.2 and 6.8 l·min -1 in 34.5 and 30 C water, respectively vs. 4.7 in air).
Results
Cardiovascular changes during immersion rest
The left ventricular end-diastolic volume, which was estimated from the ejection fraction (Capan et al., 1987) and stroke volume, rose significantly with water immersion, increasing 22% at 34.5 C (153 ml vs. 125 in air, p<0.05), and 35% at 30 C (169 ml vs. 125 in air, p<0.05). This indicates that the change in cardiac preload by water immersion was slightly greater at 30 C than at 34.5 C.
The arterial systolic pressure increased slightly in water immersion, the average increase being 8% in 34.5 C water (121 mmHg vs. 112 in air, p<0.05) and 11% in 30 C water (124 vs. 112 in air, p<0.05). The arterial diastolic pressure remained unchanged in 34.5 C water (78 mmHg vs. 74 in air), but it rose ~15% in 30 C water (85 mmHg vs. 74 in air, p<0.05).
The total peripheral resistance, calculated from the ). Both in air and in water the exercise increased the cardiac output, and this was achieved mainly by increasing the heart rate, not the stroke volume. The stroke volume increased significantly during exercise in air, but the magnitude was small (65 -4 ml vs. 56 -3 at rest, p<0.05). These suggest that the mechanism of cardiac functional regulation during dynamic exercise is not altered by water immersion.
The cardiac output at a given heart rate was significantly greater in water than in air due to the increased stroke volume in water. Since the stroke volume change was greater in 30 C water than in 34.5 C water, the value of cardiac output at the same heart rate appeared to be greater in the former than in the latter. Fig. 3 summarizes the effects of exercise on the arterial pressures and total peripheral resistance. The arterial systolic pressure rose significantly (p<0.05) during exercise, and the magnitudes of change were similar in both air (D = 32 -3 mmHg) and water of the two temperatures (D = 28 -3 and 31 -4 mmHg in 34.5 and 30 C water, respectively). On the other hand, the arterial diastolic pressure remained unaltered during exercise both in air (73 -2 mmHg vs. 77 -2 at rest, NS) and in water (82 -3 vs. 78 -3 at rest in 34.5 C water, NS; 87 -3 vs. 85 -2 at rest in 30 C water, NS). The total peripheral resistance appeared to be significantly reduced by exercise in air (16.2 -1.0 vs. 21.7 -1.6 at rest, p<0.05) and in 30 C water (11.4 -0.9 vs. 13.3 -0.9 at rest, p<0.05), but not in 34.5 C water (10.8 -0.6 vs. 11.7 -0.8, NS). As in resting subjects, the total peripheral resistance of exercising subjects appeared to be significantly lower in water than in air.
Discussion
Cardiovascular changes during immersion rest
In the present study, head-out water immersion, both at thermoneutral (34.5 C) and colder (30 C) temperatures, induced ~50% increase in cardiac output which resulted from an increased stroke volume, not the heart rate.
Theoretically, the cardiac stroke volume is determined by three factors: 1) the degree of ventricular muscle stretch just prior to the onset of contraction (preload), 2) the force against which cardiac muscle must contract Fig. 2 Effect of dynamic exercise on the cardiac output, heart rate and stroke volume in air (AIR) and in water at 34.5 C (WI 34.5) and 30 C (WI 30), respectively. The metabolic rate during exercise was 144 -8, 138 -7, and 147 -7 W·m -2 for AIR, WI 34.5, and WI 30, respectively. Values represent the mean -SE of 10 subjects. during the ejection phase of the systole (afterload), and 3) the inotropic state of myocardium (contractility) (Lin, 1984) . Several lines of evidence suggest that the high stroke volume in water immersion at thermoneutral temperature is mostly attributed to an increased preload. It has been shown that the central venous pressure (CVP) increases markedly during water immersion (Christie et al., 1990; Gabrielsen et al., 1993; Risch et al., 1978) . Since the intrathoracic vascular compliance tends not to change under a variety of conditions (Gauer and Henry, 1976) , an increase in CVP would reflect an equivalent increase in blood volume (DV = C·DP). The increase in central blood volume (CBV) has been estimated to be approximately 700 ml (Arborelius et al., 1972) ; 1/4 of this is allotted to the cardiac chambers. Estimation of heart size by the biplane roentgenometric technique indicated that the heart is enlarged by 180-247 ml (Lange et al., 1974; Risch et al., 1978) during immersion. Consequently, the left ventricular end-diastolic volume, an indicator of myocardial fiber length and thus preload, rises (Christie et al., 1990; Sheldahl et al., 1984) . It is, therefore, apparent that the ventricular diastolic filling is facilitated and the preload of the heart is increased during water immersion. Such an increase in cardiac preload would increase the stroke volume by the Frank-Starling mechanism.
In the present study, the amount of stroke volume change induced by immersion tended to be greater in 30 C water (69% increase) than in 34.5 C water (55% increase) ( Table 1) . This may be due to a greater preload in the former than in the latter condition, as evidenced by a significantly higher value of left ventricular end-diastolic volume in the former (Table 1 ). The arterial diastolic pressure and total peripheral resistance appeared to be significantly higher in 30 C water compared to 34.5 C water (Table 1) , which imply that the peripheral vasoconstriction was more intense in the former than in the latter. In fact, vasoconstriction in the superficial tissues increases progressively as the skin temperature falls below 35 C and reaches the maximum at the skin temperature of about 32 C (Veicsteinas et al., 1982) . The average mean skin temperature of the present subjects was 34.6 C in 34.5 C water and 30.1 C in 30 C water (Table 1) . Thus, the peripheral vasoconstriction evoked by a low skin temperature may account for the increased preload in 30 C water.
In the present study, water immersion induced a slight increase in the arterial blood pressure (systolic, diastolic, or mean pressure), and the magnitude of increase was somewhat greater in 30 C water than in 34.5 C water (Table 1) . In other studies, the arterial pressures have been reported to increase slightly (Agostoni et al., 1966; Campbell et al., 1969; Koubenec et al., 1978) , or to decrease slightly (Craig and Dvorak, 1966; Hood et al., 1968; Parati et al., 1987) , or to show no change (Bazett et al., 1937; Gabrielsen et al., 1993; Norsk et al., 1968) . This implies that the cardiac afterload changes a little during water immersion and plays no significant role in increasing the stroke volume.
The effect of head-out water immersion on the myocardial contractility was not assessed in this study. Direct assessment of myocardial contractility is difficult. Since, however, the sympathetic neural activity is an effective mean of modifying the contractile state of the heart, several studies have attempted to assess the sympathetic activity during immersion in thermoneutral water. Epstein et al. (1983) and Goodall et al. (1964) have measured norepinephrine (NE) levels in the plasma and urine as indices of sympathetic activity and found no significant changes. Other investigators (Connelly et al., 1990; O'Hare et al., 1986; Krishna et al., 1983) have observed a decreased plasma NE with water immersion. Also, Mano et al. (1985) have reported decreased sympathetic neural activity recordings in the muscle with water immersion. In the present study, the calculated total peripheral resistance was substantially lower in water than in air ( Table 1 ), implying that peripheral vasodilatation occurred in water. Since such a vasodilatation cannot be associated with an accumulation of vasodilating metabolites in the resting subject, it may reflect a fall in sympathetic vasoconstrictor activity. To the extent that sympathetic activity increases myocardial contractility, these results suggest that myocardial contractility may be reduced rather than enhanced during immersion in thermoneutral water. Whether similar conclusion can be made for the immersion in cold water is not certain, but a relatively low heart rate observed in 30 C water (63 beats·min -1 vs. 73 in thermoneutral water, Table 1 ) in the present study would imply that, if anything, sympathetic activity is suppressed rather than activated in cold water. This, in turn, suggests that contractility does not play an important role in the elevation of stroke volume during water immersion both at thermoneutral and colder temperatures.
In summary, considering the major factors affecting cardiac performance, the increased preload resulting from cephalic shift of circulating blood is mainly responsible for the increased stroke output during immersion in thermoneutral water, and the effect is greater in colder water due to the peripheral vasoconstriction.
Cardiovascular adjustments during immersion exercise
The adjustment of circulatory system to exercise is characterized by a quantified elevation in sympathetic tone (Stegemann, 1981) . During dynamic exercise, the increase in cardiac output is caused by tachycardia operating in concert with an increased myocardial contractility brought about by the greater sympathetic activity, and by the Frank-Starling mechanism (Brauwald et al., 1967; Poliner et al., 1980; Vatner and Pagani, 1976) . The initial rise in HR is due to withdrawal of vagal tone; thereafter, increments are attributed to increased activity of cardiac sympathetic nerves (Christensen and Galbo, 1983) . Sympathetic tone is elevated throughout the body, increasing peripheral resistance. Since, however, the vasoconstricting effect of sympathetic nervous activity is overridden by vasodilator metabolites in working muscles, the blood flow becomes redistributed from the resting tissues to the working muscles (Christensen and Galbo, 1983) .
In the present study, the cardiac output increased with exercise in a similar extent in air and in water (both at 34.5 C and 30 C) and the increase was mostly attributed to an increased heart rate (Fig. 2) . There was a moderate increase in the systolic pressure, whereas the diastolic pressure remained practically constant during the exercise both in air and in water (Fig. 3) . These results suggest that the cardiovascular adjustments during mild dynamic exercise were not changed by water immersion, despite a marked increase in the cardiac preload.
The stroke volume rose slightly, but significantly, with exercise in air, whereas no significant change in the stroke volume was observed with exercise in water (Fig. 2) . Christie et al. (1990) observed a similar phenomenon in subjects immersed in thermoneutral water, and they proposed two possible mechanisms for the lack of increase in the stroke volume in water: 1) the central shift of venous blood at rest reduces the amount of venous blood available to shift centrally with exercise via the muscle pump action and/or vasoconstriction, or 2) the left ventricular enddiastolic volume at rest with water immersion is near maximal, resulting in limited ability to increase stroke volume with exercise through a further increase in left ventricular end-diastolic volume. Although the validity of the first mechanism can not be assessed in the present study, the second possibility seems unlikely in light of the present results. The present study showed that the left ventricular end-diastolic volume does not reach the maximum with water immersion at thermoneutral temperature, as suggested by a further increase in stroke volume during immersion in colder water (Table 1) .
The cardiac output during dynamic exercise is known to rise linearly with an increase in oxygen consumption (or metabolic demand). However, in the present study, the level of cardiac output appeared to be much higher in water than in air at the same workload (Fig. 2) . Similar observations have also been made by others in subjects immersed in thermoneutral water (Christie et al., 1990; Sheldahl et al., 1984 Sheldahl et al., , 1987 . These facts indicate that the peripheral tissues are relatively hyperperfused during water immersion. The vascular beds which accommodate the increased blood flow have not been identified in humans. In dogs, Krasney et al. (1982) observed that blood flow increases in almost every tissue, including the skin, adipose tissues, heart, liver, spleen, pancreas, and skeletal muscles during upright immersion in thermoneutral water.
In the present study, the arterio-venous O 2 difference ([av]O2) estimated by Fick equation ([a-v]O2 = VO2/cardiac output) was much lower in water (both at 34.5 and 30 C) than in air not only at rest (6.4, 3.7, and 4.4 ml·100 ml -1 for Air, WI 34.5 C, and WI 30 C, respectively) but also during exercise (13.0, 8.4, and 8.6 for Air, WI 34.5 C and WI 30 C, respectively) ( Table 2 ). This implies that the hyperperfusion to the peripheral tissues persists during dynamic exercise, despite redistribution of circulating blood is known to occur. In any event, hyperperfusion to the muscle tissue would be beneficial for the muscle performance during prolonged exercise in water.
The total peripheral resistance appeared to be drastically reduced with water immersion (both at 34.5 C and 30 C) not only at rest but also during exercise (Fig.  3) . The underlying mechanism is not entirely clear, but it is believed to be associated with a suppression of sympathetic activity. Connelly et al. (1990) observed that the plasma NE concentration increases exponentially as the work load increases, but the relative increase is much smaller in water than in air. They therefore hypothesized that the central shift of blood volume with water immersion stimulates cardiopulmonary baroreceptors and thereby reduces the sympathetic response to exercise in water compared to that in air. If sympathetic resistance remains low during exercise in water, a greater cardiac output would be required to maintain the same blood pressure as that in air. Indeed, in the present study, the level of arterial pressures during exercise in air and in water did not show a significant difference (Fig. 3) . Thus, it is possible that the cardiac output is regulated at a higher level during water immersion in order to maintain an appropriate arterial pressure. A high level of cardiac output may be achieved by preventing a proportional fall in heart rate when stroke volume is passively increased during water immersion. In fact, the heart rate was regulated to the level similar to that in air during immersion in 34.5 C water, and to a lower level when the stroke volume change was extensive, as in 30 C water (Fig. 2) . In summary, available data in the present and other studies suggest that at a given work load the cardiac output has to be maintained relatively high during water immersion in order to maintain a proper arterial pressure in the face of reduced sympathetic vascular tone. This requirement is met mainly by regulating the level of heart rate according to the stroke volume increase evoked by water immersion. The precise mechanism of the heart rate regulation during water immersion is yet to be elucidated.
